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ABSTRACT. The presumed role of an overactive protein arginine deiminase 4 (PAD4) in the pathophysiology
of rheumatoid arthritis (RA) suggests that PAD4 inhibitors could be used to treat an underlying cause of
RA, potentially offering a mechanism to stop further disease progression. Thus, the development of such
inhibitors is of paramount importance. Toward the goal of developing such inhibitors, we initiated efforts
to characterize the catalytic mechanism of PAD4 and thereby identify important mechanistic features that
can be exploited for inhibitor development. Herein we report the results of mutagenesis studies as well as
our efforts to characterize the initial steps of the PAD4 reaction, in particular, the protonation status of
Cys645 and His471 prior to substrate binding. The results indicate that Cys645, the active site nucleophile,
exists as the thiolate in the active form of the free enzyme. pH studies on PAD4 further suggest that this
enzyme utilizes a reverse protonation mechanism.

Rheumatoid Arthriti (RA) is a chronic and progressive NH3 o
autoimmune disorder of unknown etiology. It is the second HaN—{ HaN—
most common type of arthritis, affectingl% of the adult NH PAD4 NH
US population and causing a mean reduction in life H,0 Ca®* + NH,

expectancy of 510 years {, 2). Because of its idiopathic
nature, the therapeutic options available for RA largely focus
on disease management, that is, treating its symptoms rather Arginine Citrulline
than treating the underlying cause(s) of the dise3ls&yer
the last several years, however, serological, genetic, and ® = Protein
biochemical studies4(-8) have suggested a role for dys- FiGURE 1. Reaction catalyzed by PADA4.
regulated protein arginine deiminase 4 (PAD4) activity in
the onset and progression of this autoimmune disorder: with the etiology of multiple sclerosis and cancéB{15),
PAD4 catalyzes the post-translational conversion of peptidyl- thereby suggesting that the therapeutic value of PAD4
Arg to peptidyl-citrulline (Cit) (Figure 1). For example, RA  inhibitors could be broader than initially considered.
associated mutations have been identified in the PAD4 gene PAD4 is predominantly expressed in blood lymphocytes
(4), and autoantibodies that recognize citrullinated proteins and has been suggested to play roles in apoptosis and
are specifically produced by RA patien® 8). Furthermore, differentiation @, 16—19). Additionally, PAD4 is known to
the treatment of rodents with citrullinated collagen leads to be a calcium dependent nuclear enzyme that deiminates
a higher incidence and a faster rate of onset of collagen-histones H2A, H3, and H4 and acts as a transcriptional
induced arthritis in rodent models of RA,(10). Onthe basis  corepressor for the estrogen receptd, (17, 20—22).
of this information, we and others have suggested that theHowever, and despite its importance as a therapeutic drug
deiminating activity of PAD4 is upregulated in RA patients, target, the physiological roles of PAD4 are incompletely
generating an aberrant immune response to citrullinated defined and are only beginning to be deciphered. The recent
epitopes in the RA synovium5( 11, 12). Thus, PAD4 development of potent and bioavailable PAD4 inhibitors and
inhibitors hold the promise of being effective therapeutics activity based protein profiling reagent23-25) will
for RA. In addition to its presumed role in RA, dysregulated undoubtedly be useful tools for obtaining a more complete
PAD4 activity and/or expression has recently been associateddescription of the physiological role(s) of this enzyme.
Recentin vitro studies have generated significant data
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the amidinotransferase superfamily of enzyn®%-29). On v =V,,ISII(K, + [S]) (1)

the basis of this homology30—32) and preliminary site

directed mutagenesis experimen®y)( there are four key  using GraFit version 5.0.140). Theke andke./Kn values
catalytic residues, including Asp350, His471, and Asp473, obtained from this analysis were plotted as a function of pH
that contribute to rate enhancement by playing loosely and fit to eq 2

defined roles in substrate binding (Asp350 and Asp473) and

general acid/general base catalysis (His471). Cys645, they = ((Lim1 + Lim2 x 10" Py (1 oPH Pk 41) —

fourth key catalytic residue, most likely acts as a nucleophile (((Lim2 — Lim3)) x 10(PH_pKaZ))/(10(pH_pKa2) +1))) ()

to generate a covaleBtalkylthiouronium intermediate akin

to the acyl enzyme intermediates observed in other cysteineusing GraFit version 5.0.11. Lim1 is the amount of activity
hydrolases. Note that while a kinetically competent covalent observed at low pH, lim2 is plg, lim3 is the amount of
intermediate has yet to be demonstrated for PAD4, the factactivity observed at high pH.

that F- and Cl-amidine, two haloacetamidine-bearing mech- Substrate Protection Experiment&eaction mixtures
anism based inactivators, irreversibly inactivate PAD4 by containing 10 mM CaG| 100 mM Tris-HCl at pH 7.6, 500
modifying Cys645 24, 25) argues forcefully for a role for ~ «M TCEP, 50 mM NaCl, and BAEE (2 mM or 10 mM)
Cys645 as the active site nucleophile when combined with were preincubated with either 2-chloroacetamidine (5 mM)
the abundance of evidence for covalent catalysis among otheior iodoacetamide (1.25 mM) at 3C for 10 min. Subse-
amidinotransferase family members (e.g., rapid quenchquently, PAD4 (0.2:M final) was added and aliquots (60
kinetic studies on arginine deiminase (ADI33}, mass  uL) were removed at various time points{@5 min) and
spectrometry studies on dimethylarginine dimethylamino- residual activity assayed as described above. Samples
hydrolase (DDAH) 84), and crystal structures of the incubated without chloroacetamidine or iodoacetamide were

S-alkylthiouronium intermediate in ADIJY)). used as controls. The data obtained were fit to eq 3
While at least four different mechanisms have been "

proposed to explain the deiminating activity of the various p=—_ (1-— e(—kobs*t)) 3)

amidinotransferase family member$l( 30—32, 35), we bs

initially proposed a working model that involves a nucleo- _ . . s th ¢ citrulli
philic thiolate whose charge is stabilized via an ion pair with YSIN9 GraFit version 5.0.1F Is the amount of citrulline
His471, analogous to the Cys-imidazolium ion pair observed pf‘?duc‘?d’”i_ Is the |n!t|al vel_ocny,kobs Is the observed rate
in papain 86). Herein we report the results of site directed ©°f Inactivation, and is the time. o .
mutagenesis studiesKp measurements on the active site lodoacetamide Inactation Kinetics Inactivation reactions

; - : taining 50uM TCEP, 10 mM CaCl and 100 mM of
thiol, pH rate profiles, and solvent isotope effects that support " S . :
the existence of a nucleophilic active site thiolate. Further- PUffer (pPH 6.5 Bis-Tris, pH 7.69.0 Tris) were preincubated

more, the results indicate that at the pH optimum only a small With 2.0uM PADA4 for 10 min at 37°C (20uL total volume).
fraction of the enzyme exists in the catalytically competent Yarying concentrations of iodoacetamide-@0 mM) were

thiolate form and in total suggest that PAD4 utilizes a reverse then addfgd.llnactiva}tion rgactioq were quer}ched Wi:‘h DTT
protonation mechanisngy, 39). (20 mM final) at various time points (630 min) and then

immediately added to a reaction mixture to measure the
EXPERIMENTAL PROCEDURES residual activity of PAD4. These reaction mixtures, which
contained 10 mM Ca@l 50 mM NacCl, 100 mM Tris at pH
Chemicalslodoacetamide and 2-chloroacetamidine were 7.6, 2 mM DTT, and 10 mM BAEE (6@L total volume),
obtained from Oakwood Products (Columbia, SC). Dithio- were preincubated at 3T for 10 min, before adding aliquots
threitol (DTT), iodoacetic acid, protease inhibitor cocktail from the quenched inactivation mixture. Activity assays
(Cat#P8465), and Benzoytarginine ethyl ester (BAEE)  proceeded for 15 min at which point the reaction was stopped
were acquired from Sigma-Aldrich (St. Louis, MO). Tris- by flash freezing in liquid nitrogen. Residual enzymatic
(2-carboxyethyl)phosphine hydrochloride (TCEP) was ob- activity was then quantified using the methodology described
tained from Fluka. Dideuterium oxide was acquired from above. The data obtained at each iodoacetamide concentra-
Cambridge Isotope Laboratories (Andover, MA). tion were fit to eq 4
Purification of PAD4.Recombinant human PAD4 was
expressed and purified using methods analogous to previ- V=0 (4)
ously described method4 1, 39). Our optimized protocol

is described in detail in the Supporting Information. i X , . .
H Profile. The bH profile of PAD4 was constructed b velocity, k is the pseudo-first-order rate constant for inactiva-
P : pHp y tion, andt is time. Because of a lack of inactivator saturation,

measuring the steady state kinetic parameters for the deimi- ) . T
nation of BAEE over a pH range of 6:®.0. Reaction the second-order rate constant for enzyme inactivakig/

. : : K\, was determined by plotting the observed inactivation rates
_?_lrjigf_eﬁ(’:f:%n;'_séesd) O;rlloooo rr?:\l\/l/l (B:'ﬁggs(S(Zgb?)bhljgg rr?wll:/l/l (kobg Versus inactivator concentration and fitting the data to

DTT, 10 mM CaCl, 50 mM NaCl, and BAEE in various ¢4 °

concentrations (620 mM in a final volume of 6@L). Stock _ Kinact |

concentrations of BAEE were dissolved in 50 mM buffer at Kobs = K, [1] ®)
the desired pH. Enzyme assays were performed essentially

as described in Kearney et al1j. The initial rates obtained  using Grafit version 5.0.11kn,c is the maximal rate of
from these experiments were fit to eq 1 inactivation K, is the concentration of inactivator that yields

using Grafit version 5.0.1%:is the velocity v, is the initial
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Table 1: Sequences of Forward and Reverse Primers for Site Directed Mutagenesis

mutant forward primer reverse primer

H471A tggctgtccgtgggegecgtggacgagttc gaactcgtccacggcgceccacggacageca
H471G tggctgtccgtgggcggegtggacgagttc gctcaggaactcgccgeccacggacagceca
H471Q ctgtccgtgggccaggtggacgagttectg caggaactcgtccacctggcccacggacag
D350A gaccagtggatgcaggccgaaatggagatcggc gccgatctccatttcggectgcatccactggte
D350E gaccagtggatgcaggaagaaatggagatcggc gccgatctecatttcttcctgcatccactggte
D350N gaccagtggatgcagaatgaaatggagatcggctac gtagccgatctccatttcattctgcatccactggtc
D473A gtgggccacgtggccgagttcctgage gctcaggaactcggccacgtggeccac

D473E gtccgtgggcecacgtggaagagttcctgagctttg caaagctcaggaactcttccacgtggcccacggac
D473N gtccgtgggcecacgtgaatgagttcctgagctttyg caaagctcaggaactcattcacgtggcccacggac
C645S ggggaggtgcactccggcaccaacgtge gcacgttggtgccggagtgcacctccce

C645A ggggaggtgcacgccggcaccaacgtgc gcacgttggtgccggcegtgcaccteece

a All primers are written 5to 3.

half-maximal inactivation, and [I] is the concentration of CHES (pL 8.5-9.0) as well as 10 mM Ca&l2 mM DTT,

inactivator. The slopes thus obtained, thatkig./Ki, were 50 mM NaCl, PAD4, and various concentrations of BAEE

plotted versus pH and subsequently fit to eq 6 (0—10 mM) in >96% D,O. The kinetic parameters were
determined using the methods described above. To control
for possible solvent viscosity effects (SVE), the steady state

(6) kinetic parameters for the deimination of BAEE were
determined under identical conditions at the pH optimum in

) ) ] o o assay buffer containing 10% glycerol. The SVE and SIE on

using 'GraFlt version 5.0.11. Lim1 is the minimum rate, and he calcium dependence of PAD4 were also assessed as a

Lim2 is the maximum rate. - further control. For these studies, PAD4 activity was

lodoacetamideersus lodoacetic Acid Inaeition Kinet- measured in assay buffers containing eith@®6% D,O or
ics. Inactivation reactions containing 5o TCEP, 10 mM 10% glycerol plus CaGl(0—10 mM), 50 mM Tris-HCI pH
CaCb, and 100 mM HEPES at pH 7.6 were preincubated 7.6, 10 mM BAEE, 50 mM NaCl, 2 mM DTT, and PADA4.

with 2.04M PAD4 at 37°C (60uL total volume). After 10 TheKq s for calcium was determined using the methodology
min, iodoacetamide or iodoacetic acid (1.25 mM) was added gescribed in Kearney et all]).

to the mixture. The residual activity of PAD4 was measured
as described above.

2-Chloroacetamidine Inaatation Kinetics.Inactivation
mixtures containing 2 mM DTT, 10 mM Cagland 100
mM of buffer (pH 6.5 MES, pH 7.0 to 9.0 Tris-HCI)) were

_(Liml + Lim2)10PH-Pa
T N

RESULTS

Site Directed MutagenesisTo gain insight into the
catalytic mechanism of PAD4, we generated a series of site

preincubated with «M PAD4 at 37 °C. After 10 min, specific mutations in the PAD4 gene at sites corresponding
2-chloroacetamidine (630 mM) was added to the mixture.  to Asp350, His471, Asp473, and Cys645, that is, the four
Residual activity was measured by removing aliquots from key catalytic residues involved in substrate binding (Asp350
the inactivation mix at various time points (0 to 30 min). and Asp473), nucleophilic catalysis (Cys645), and general
These aliquots were diluted 10-fold into reaction buffer (10 acid/general base catalysis (His471). Initially, all four
mM CaCb, 50 mM NaCl, 2 mM DTT, 100 mM Tris-HCl at  residues were individually mutated to Ala, the proteins
pH 7.6, and 10 mM BAEE). The data were processed using purified, and estimates of the kinetic parameters determined
the methods described above. (Table S1, Supporting Information). In all caskg/Kn was

Site Directed Mutagenesi€atalytic mutants of PAD4  decreased by greater than 7,900-fold, thereby indicating
were generated using the Quik Change Site Directed Mu-that all four residues are essential for catalysis, consistent
tagenesis Kit (Stratagene). The forward and reverse primerswith previous mutagenesis studie27f. Note that high
(IDT DNA technologies) used for each mutagenesis experi- concentrations of purified enzyme and extended incu-
ment are listed in Table 1. Note that the entire open reading bation times were used to estimdg/Kn and that partial
frame of each mutant was sequenced to ensure that the propgproteolysis studies (Figure S1, Supporting Information),
mutation had been incorporated and that no additional which are a sensitive indicator of PAD4 structutd)( were
mutations had been introduced during the PCR reaction.Used to ensure that the lack of activity is not caused by a
Mutant PAD4 enzymes were purified using the methodology major structural perturbation, analogous to other systems
described above. (41-43).

Kinetic Studies on Mutant Enzymé&&teady state kinetic To gain further insight into the roles of these residues in
parameters for PAD4 mutants were determined as previouslysubstrate binding and catalysis, a series of conservative
described. Because the catalytic activity of all of the mutants mutations were generated. For example, a-€ySer mutant
described in this study was significantly impaired relative was generated for Cys645; AspAsn and Glu mutants were
to wild type PAD4, enzyme assays were performed with generated for Asp350 and Asp473; and a Hi&In mutant
higher amounts of enzyme (2.1 final) and for longer time was generated for His471. The enzymatic activity of the
periods (2 h) to achieve detectable amounts of citrulline. Cys645Ser and His471GIn mutants was decreased by greater

Sobent Isotope EffectSolvent isotope effects (SIE) were than 14,000- and 34,000-fold (Table S1, Supporting Informa-
measured in reaction buffers containing 50 mM Bis-Tris (pL tion), respectively, consistent with the essential roles of these
5.75-7.00), 50 mM Tris-HCI (pL 7.6-8.5), or 50 mM residues in nucleophilic and general acid/base catalysis.
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Somewhat surprisingly, mutation of Asp350 and Asp473 to
Asn and Glu led to very dramatic declines in PAD4 activity,
on the order of those observed for the AspAla mutations
(Table S1, Supporting Information). These results indicate
that PAD4 activity is sensitive to even conservative mutations
and further suggest that the correct positioning of the
guanidinium group, with respect to the active site Cys, and
charge neutralization are critical determinants of catalytic
power. Overall, the lack of activity observed with these

mutants may be due to a lack of synergy between these four

key catalytic residues.
Note that the lack of activity was not due to a gross

Biochemistry, Vol. 46, No. 22, 2006581

Ha71 } D350 ,}/@
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conformational change because all of the mutants behaved

in a manner similar to that of wild type enzyme in our partial
proteolysis assay (Figure S1, Supporting Information). Also

note that the studies described herein are consistent with the

fact that active site mutations in a related enzyme, arginine
deiminase (ADI) fromPseudomonas aerugingskead to
similar decreases in deiminating activit§4. Finally, the

specific effects of the mutations described above on each of

the two half reactions, that is, intermediate formation and
intermediate hydrolysis, are unknown but will be the subject
of future investigations.

pH StudiesTo further probe the PAD4 reaction mecha-
nism, pH rate profiles were determined for wild type enzyme.

These studies were pursued because pH rate profiles can

suggest the identity of catalytically important functional
groups in the free enzymé/Kn, vs pH), the ES complex
(Keat VS pH), or the substrate&k&/Km vs pH) @5, 46). For

C645 ;
]
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Ficure 2: (A) Active site of PAD4. (B) Working model of PAD4
catalysis. A possible mechanism of PAD4 catalysis involves a
nucleophilic thiolate (step 1), and His 471 acts as a general acid,

these studies, pH profiles were constructed by measuring thedonating a proton to the departing amine during the collapse of

steady state kinetic parameters for the deimination of BAE
over a range of pH values (5-B.0). Note that BAEE is a
synthetic substrate that is commonly used to study PAD
activity. Also note that there is essentially no effect on the
calcium dependence of PAD4 over this pH range and that
PADA4 activity is linear with respect to time at all pH values
used in this studyl(1).

The plots of logkca/Km versus pH are bell-shaped and fit
well to a model with two apparentq values and a limiting
nonzero plateau (133 M s™2) for the ascending limb (Figure
3A). The apparentk, values of the ascending and descend-
ing limbs are 6.9t 0.2 (slope of 0.68) and 98 0.1 (slope
of —1.15), respectively. Note that because thasgvalues
are within 3 units, they must be considered appard§t p

E the first tetrahedral intermediate (step 2). This leads to the formation

of anS-alkyl thiouronium intermediate. The exchange of a molecule
of water for ammonia occurs, and, as drawn, His471 acts as a
general base to activate a water molecule for nucleophilic attack
on the thiouronium intermediate (step 3). This leads to the formation
of the second tetrahedral intermediate that collapses to eliminate
the Cys thiolate and in the process generate Cit. Asp473 is
appropriately positioned to deprotonate the hydroxyl. Step 4
involves the exchange of product for substrate.

pKa Measurements on the Ae#éi Site Cysteine (Cys645)
by lodoacetamide Inaatation Kinetics.On the basis of the
structure and proposed mechanism of PAD4, the simplest
assumption is that the ascending limb in tg/Kn versus
pH plots corresponds to the formation of the active site
thiolate, that is, the deprotonation of Cys645, and that the

values. Therefore, the corrected values, calculated accordingdescending limb corresponds to the deprotonation of His471,
to the method of Segell7), are 7.3 and 8.2 for the ascending that is, the [a values of Cys645 and His471 are 7.3 and
and descending limbs, respectively. Although not definitive, 8.2, respectively. However, an alternative possibility is the
the presence of a nonzero plateau for the ascending limbspecial case of a reverse protonation mechanim 38).
could suggest that a second ionization form of the enzyme In such a mechanism, th&kKpassignments are the reverse
is active at low pH. The plots dé. versus pH are similarly ~ Of the simplest assumption, that is, tHe.walues of Cys645
bell-shaped and fit well to a model with two appareit,p ~ and His471 are 8.2 and 7.3, respectively.

values and limiting nonzero plateaus of 0.76 $or the To distinguish between these two possibilities, direct
ascending limb and 0.24 5for the descending limb (Figure  measurements of the Cys645 side chafq were made by
3B). The apparentl, values of the ascending and descend- determining the rates of iodoacetamide induced enzyme
ing limbs are 7.6t 0.3 (slope of 0.37) and 8 0.4 (slope inactivation over a range of pH values (pH 6.5 to pH 9) and
of —0.60), respectively. Thely values obtained from this  concentrations of iodoacetamide, similar to related systems
analysis most likely represent the protonation states of (48, 49). The percentage of activity remaining after iodoac-
His471 and Cys645 in the ES complex (Figure 2); although etamide treatment was determined as a function of time, and
considering the stepwise nature of the reaction mechanism;the resulting plots were fit to a single exponential to
it is difficult to definitively assign either of these values to determine the pseudo-first-order rate constant for inactivation,
a particular residue. that is, kops Figure 4A depicts a representative plot of the



6582 Biochemistry, Vol. 46, No. 22, 2007 Knuckley et al.

log kcat/Km

% Activity
Remaining

1.5 1
1
L B
20,5 ° -
g 0.4-
0 ® — J
-0.5 1T+ r E 1
5 6 7 8 —
pH 2 0.2
Ficure 3: (A) Plot of log keafKr, versus pH. (B) Plot of lodkca < b
versus pH. b ®
data, obtained at pH 7.6. Plots ks versus iodoacetamide 09<—1—7—T—TT—
concentration were linear, indicating second-order inactiva- 0 05 1 1.5 2
tion kinetics (Figure 4B). The second-order rate constants [lodoacetamide]
of inactivation, that iskinac/Ki, Obtained at each of the mM
indicated pH values were subsequently plotted against pH, c i
and as depicted in Figure 4C, the results indicate that the 1200 -
rate of PAD4 inactivation increases with rising pH. Graphical = 7
analyses are consistent with a singkg palue of 8.3+ 0.07. E 1000-.
This pK, value is in excellent agreement with that obtained = 800 -
for the descending limb in the./K, versus pH rate profiles, Z 600
suggesting that PAD4 utilizes a reverse protonation mech- 3 -
anism. & 4007
Note that two sets of control experiments were performed 200
to confirm that the iodoacetamide induced inactivation of 0_'

PAD4 was due to the modification of an active site residue,
that is, Cys645. First, the rates of iodoacetamide and
iodoacetic acid induced PAD4 inactivation were compared. ) . .
The results demonstrate that PAD4 is preferentially inacti- F'GURE4: Time and concentration dependent inactivation of PAD4
. - . . . by iodoacetamide. (A) observed inactivation at pH 7.6 by different
va?ed.by |odoaqetam|de (Figure 5A)..The fact tha_t iodoacetic .o centrations of iodoacetamide: 0)( 250 (v), 500 @), 750
acid is a relatively poorer PAD4 inactivator is at least (a), 1000 ©), and 150QuM (m). (B) The pseudo-first-order rate
partially consistent with the modification of an active site constant of PAD4 inactivation is plotted vs iodoacetamide con-
residue because electrostatic repulsions between Asp350 angentration, and the plots were fitted to eq 5 as described in materials
Asp473 and iodoacetic acid would be expected to inhibit &"d Methods. (C)i, of C645. Second-order rate constants were
. ) - plotted vs pH and fit to eq 6 as described in Experimental
the interaction between this compound and PAD4. Second, pyqcedures.
the rate of iodoacetamide induced inactivation is higher at
lower concentrations of substrate (Figure 5B). This result is rate constant for inactivation, that gy, at each concentra-
also consistent with the modification of an active site residue tion of inactivator (Figure 6A). Plots dfps versus 2-chlo-
because substrate binding would be expected to precluderoacetamidine concentration were linear within the concen-
inactivator binding. tration range used (Figure 6B), and gratifyingly, the second-
pKa Measurements on the Agti Site Cysteine (Cys645) order rate constant for PAD4 inactivation, 356.0 M™!
by 2-Chloroacetamidine Inactation Kinetics The K, of min~t at pH 7.6, is quite close to that reported by the Fast
Cys645 was also measured with 2-chloroacetamidine, agroup (35 Mt min™%) (39). Plots of kinao/K; versus pH
positively charged PAD4 inactivator, by determining the rates (Figure 6C) reveal that thek of Cys645 is 7.9+ 0.16, in
of enzyme inactivation over a range of pH values (pH 6.5 good agreement with both the descending limb of khé
to pH 9) and concentrations. As described above for the Ky, versus pH rate profiles and that obtained via iodoaceta-
iodoacetamide induced inactivation of PAD4, the percentage mide inactivation kinetics. Furthermore, these results indicate
of activity remaining after 2-chloroacetamidine treatment was that this positively charged inactivator has only minimal
determined as a function of time, and the resulting plots were effects on the K, of the Cys645 thiol. Note that the substrate
fit to a single exponential to determine the pseudo-first-order could protect against PAD4 inactivation by 2-chloroaceta-
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Ficure 5: Inactivation of PAD4 with iodoacetamide. (A) lodoac-
etamide is a better PAD4 inactivator than iodoacetic acid. Percent
activity remaining was plotted vs time and fit to eq 4 as described
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Schene 1 : Binding of Inactivator to Either the E-SH (Upper
Pathway) or E-S (Lower Pathway) Complexes

BKy

E-SH + 1 E-SH:-I
[« [fk,
H H
+ +
E-S+| = E-S.| — E-S-I
K,
DISCUSSION

On the basis of the structure of PAD4 and literature
precedents from related system30{32), we initially
proposed a working model of PAD4 catalysis that involved
a nucleophilic thiolate (Figure 21()) and hypothesized that
this species was stabilized via the formation of an ion pair
with His471, analogous to the thiolatémidazolium ion pair
observed in papair8g). To begin to test the validity of this
hypothesis, we generated a series of semi-conservative and
nonconservative active site mutants (CysAla and Ser;

His — Gly, Ala, GIn) designed to directly evaluate the roles
of Cys645 and His471. Although the activity associated with
these mutant enzymes is negligibleo{(Kn ¢ by >7,900-
fold), the results are nevertheless consistent with an essential
role for these residues in PAD4 catalysis and are consistent
with the proposed mechanism, that is, that a nucleophilic
thiolate and properly oriented imidazole gréape required

for nucleophilic and general acid/base chemistry, respec-
tively. Similar results have been obtained for other amidi-
notransferase family members, for example, AB4)(

in Experimental Procedures. (B) Substrate protects against iodoac- PH rate profiles Ke./Km versus pH) were also constructed

etamide-induced inactivation of PAD4. Plots of product formation

to identify and characterize the roles of catalytically important

vs time are depicted for PAD4 in the absence and presence ofresidues, and the results are consistent with the presence of

iodoacetamide (1.25 mM) at two different concentrations of BAEE
(2 and 10 mM).

midine (Figure 6D), consistent with the modification of an
active site residue.

Sobent Isotope Effects (SlEsBecause PAD4 catalyzes
a hydrolysis reaction that involves a nucleophilic thiolate,
we evaluated the SIE by performing the reaction yOver
a range of pL values. The SIE dq; was normal with a
keat keaf Of 1.25 at the pL optimum, indicating that proton
abstraction does not contribute significantly to the rate-
limiting step of the reaction. In contrast to the normal SIE
onke, an inverse SIE was observed fag/Kn, over the entire
pL range studied (Figure 7). At the pL optimum, the ratio
Keal Km M keaf K P was 0.43. Inverse SIEs of this type have
previously been used to support the existence of a thielate
imidazolium ion pair 50—54).

Note that under identical conditions, the concentration of
calcium required for half-maximal activity, that is, thg s,
was virtually unaffected (0.56: 0.04 for HO (11) vs 1.0
+ 0.4 for D,O), thereby indicating that the inverse SIE is

two key ionizable groups with iy, values of 7.3 and 8.2.

On the basis of the proposed catalytic mechanism, thise p
values most likely correspond to the protonation states of
His471 and Cys645 before the substrate has bound to the
enzyme. To more definitively assign one of the&g palues

to Cys645, K, measurements were made on the active site
thiol by determining the effect of pH on the rate of PAD4
inactivation by iodoacetamide and 2-chloroacetamidine. As
described above, the rates of inactivation increased with pH
for both compounds, and in both cases, thg getermined

for Cys645 is quite close to the value obtained for the
descending limb of thé../Kn versus pH rate profile, that

is, pH 8.2. The fact that thekp of Cys645 corresponds to
the descending limb of thke../Kn, versus pH rate profile is
most consistent with a reverse protonation mechanism (see
above) and thereby suggests that tKg @f His471 is~7.3.

The fact that the iodoacetamide and 2-chloroacetamidine
inactivation kinetics yield similar g, valuess for Cys645 is
inconsistent with g@uresubstrate assisted mechanism of thiol
deprotonatiors. This is the case because in a pure substrate
assisted mechanism, binding to the thiol form of the enzyme

unlikely to be due to a change in the calcium dependence of (j.e., E-SH, where E is the enzyme, and SH is the thiol; upper

the enzyme. Also, note that a normal SVE on bath(1.32)
andk../Km (1.34) was observed when the steady state kinetic

pathway in Scheme 1) is obligatory. Therefore, if 2-chloro-
acetamidine, a guanidinium analogue, forms this initial

parameters were determined in the presence of 10% glycerolencounter complex (i.e., E-St2-chloroacetamidine), a

(w/v), a concentration of glycerol that closely matches the
viscosity of DO (55), thereby indicating that the inverse
SIE is not due to an increase in the viscosity of buffers
containing BO.

2The activity of neither the His471Gly nor the His471Ala mutant
could be chemically rescued by the addition of a variety of imidazole-
and guanidinium-containing compounds.
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Ficure 6: Time and concentration dependent inactivation of PAD4 by 2-chloroacetamidine. (A) Observed inactivation at pH 7.6 by different
concentrations of 2-chloroacetamidine: ®)( 250 @), 500 (a), 1000 ©), and 150Q:M (M). (B) Pseudo-first-order rate constant of PAD4
inactivation is plotted vs 2-chloroacetamidine concentration, and plots were fitted to eq 5 as described in Experimental Proced{yes. (C) p
of C645. Second-order rate constants were plotted vs pH and fit to eq 6 as described in Experimental Procedures. (D) Substrate protects
against 2-chloroacetamidine induced inactivation of PAD4. Plots of product formation vs time are depicted for PAD4 in the absence or
presence of 2-chloroacetamidine (5 mM) at two different concentrations of PAD4: 10 mM B®ER (nM BAEE @), 10 mM BAEE
with 2-chloroacetamidined), and 2 mM BAEE with 2-chloroacetamiding).

9 -8 o of the enzyme (i.e., binding to E-SH is not obligatory), the
i O D:0 results obtained are most consistent with preferential binding
c of this positively charged inactivator to the thiolate form of
¥ 3 the enzyme at the pH optimum via the lower pathway in
i ]l ¢ Scheme 1, that is, a reverse protonation mechanism.
o

N
1

pL

Ficure 7: Solvent isotope effect (SIE). Plots of légy/Km vs pL

in H,O (@) or D,O (O).

A reverse protonation mechanism is also supported by the
fact that the decrease kg.{Kn at both pH extremes is largely
driven by an increase K. Although effects of pH oK,
are often difficult to interpret, large changes ka, as a
function of pH are consistent with the preferential binding
of substrate to one form of the enzyme at the pH optimum
(47). Thus when taken in combination, our results are most
consistent with substrate binding to a form of the enzyme

reasonable assumption given that 2-chloroacetamidine disthat consists of a negatively charged thiolate and a positively

plays saturation kinetics at the pH optimur89), the

observed K, should have shifted dramatically from the

resting state by the factor. Although an effect on thinac/

charged imidazolium ion, that is, the B$' form, where E
is the enzyme, Sis the thiolate, and His the imidazolium
ion. This appears to be the case, despite the fact that only a

K| titration curve may not be apparent if 2-chloroacetamidine small fraction of PAD4 £15% of the enzyme) exists as
does not form an initial encounter Complex with E-SH or if ES HT at the pH optimum because the titration curves for
the inactivator can bind to either the thiol or thiolate forms His471 and Cys645 are overlapping (Figure 8).

3In a substrate assisted mechanism of thiol deprotonation, the
proximity of the positively charged substrate guanidinium to a high

If substrate binds preferentially to the B%" form of
PAD4 at the pH optimum, as our data suggests, it is likely
that the negative charge of the thiolate is at least partially

pKa active site Cys promotes thiol deprotonation by either an unknown . : . h o M
general base or by proton donation to solveés@)( The termpure is stabilized via the formation of an ion pair with the imida-

used to indicate that the substrate can only bind to the enzyme whenzolium ion. Such an interaction would be important because

Cys645 exists as the thiol (Scheme 1, upper pathway) and is also use ; A e hi iANi
to differentiate between the possibility that the substrate can bind tod[he PADA active site is highly anionic (Asp350 and Asp473

the enzyme regardless of whether Cys645 exists as the thiol or thiolate, Should be deprotonated), disfavoring thiolate formation, and
that is, substrate can bind via either pathway in Scheme 1. His471 is the only positively charged residue within the
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Ficure 8: Fraction of enzyme in the active form (yellow) with
C645 deprotonated and H471 protonated, i.e.,”B'S

vicinity of Cys645 that could serve this function. The inverse
SIE onk:/Knm is consistent with the dissociation of a proton
from a thiol with a fractionation factor of less than 1, and

Biochemistry, Vol. 46, No. 22, 2006585

a reverse protonation mechanism. These studies have already
aided our successful efforts to synthesize PAD4 inhibitors
(23—25) and will undoubtedly serve as a guide to others
interested in developing a PAD4 targeted RA pharmaceutical.

SUPPORTING INFORMATION AVAILABLE

Supplementary methods, supplementary Table 1, and
supplementary Figure 1. This material is available free of
charge via the Internet at http://pubs.acs.org.
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